The ultramafic-mafic complex in the Marlborough terrane of the northern New England Fold Belt is dominated by members of a Neoproterozoic (ca 560 Ma) ophiolite (V1
INTRODUCTION
The New England Fold Belt refers to the easternmost part of the Tasman Orogenic Zone of eastern Australia, a zone which constitutes a segment of a much larger orogenic system that developed along the Pacific margin of Gondwana (Coney et al. 1990) . The fold belt is a tectonic collage of numerous terranes comprising subduction/accretion units and extensional basins overprinted by convergent structures of the Hunter-Bowen Orogeny (Leitch 1974 (Leitch , 1975 . Numerous tectonic models have been proposed for the development of the New England Fold Belt (Day et al. 1978; Cawood & Leitch 1985; Murray et al. 1987; Henderson et al. 1993; Holcombe et al. 1997 ; to name but a few). However, there are apparent inconsistencies among many of these models (Flood 1988) . The major hurdle against a unified tectonic model(s) for the New England Fold Belt results from the lack of understanding/knowledge of the tectonic setting and geochronology of rocks from individual terranes. We have undertaken a broad study into one such terrane, the Marlborough terrane, which until now very little was known, despite its potential significance in New England Fold Belt development (Murray 1974) .
The Marlborough terrane is located within the northern segment of the New England Fold Belt ( Figure 1 ) and contains an ultramafic-mafic complex dominated by remnants of a Neoproterozoic oceanic basin . These lithologies are among some of the oldest rocks thus far identified throughout the New England Fold Belt and as such provide us with a prime opportunity to reveal the pre-Palaeozoic history of the fold belt.
Detailed petrological, geochemical and geochronological data of rocks from the Marlborough ultramafic-mafic association have revealed four tectonomagmatic events which from oldest to youngest are: V1, formation of the ophiolite substrate; V2, emplacement of a mafic suite of tholeiitic and calc-alkaline intrusives; V3, intrusion of tholeiitic and alkaline dykes; and V4, emplacement of suites of differentiated calc-alkaline granitoids. The V1 event has been discussed elsewhere . In this paper we outline the post-ophiolitic Palaeozoic events (V2-V4) and discuss the tectonic implications for V2 and V3 magmatism.
PETROLOGY OF V2, V3 AND V4 ROCKS
The post-ophiolitic magmatic rocks can be divided into tholeiitic, calc-alkaline and alkaline affinities.
V2 intrusive rocks

THOLEIITE
Tholeiitic basalt occurs as dykes and fault-bounded blocks in the ophiolite (V1) sequence. The dykes either intrude the sequence or are thrust-emplaced along with serpentinite. In hand specimens, the tholeiitic metabasalt/dolerite rocks are dark-grey and range from an equigranular to a plagioclase-phyric texture. They are invariably metamorphosed to greenschist facies and are composed mainly of small (< 1 mm) glossy black, elongated amphibole crystals set in a fine-grained, greyish-white feldspar matrix. Porphyritic metadolerites display a similar mineralogy, but contain large tabular to anhedral, greenish-white feldspar phenocrysts up to 6-7 mm in some samples.
In thin-section, relict igneous olivine, clinopyroxene (augite to salite in composition) and magnetite/ilmenite are observed and are overprinted by a metamorphic assemblage of hornblende ϩ actinolite ϩ albite ϩ chlorite Ϯ prehnite/pumpellyite Ϯ epidote Ϯ carbonate Ϯ sphene. Hydrogrossular appears in some metasomatised samples. The plagioclase phenocrysts in the porphyritic dolerites have been totally altered to chlorite and sericite assemblages.
CALC-ALKALINE MAGMATISM
Calc-alkaline rocks occur as gabbroic intrusions and finegrained doleritic dykes cross-cutting and in structural contact with serpentinite. The dykes range from seriate textured to equigranular with plagioclase of andesine (An34-41) composition and clinopyroxene partially altered and overprinted by a metamorphic assemblage of hornblende ϩ actinolite ϩ chlorite Ϯ prehnite/pumpellyite Ϯ epidote Ϯ sphene. Igneous magnetite relicts are observed in some samples. The gabbros are commonly coarse grained (up to 6 mm) with relict augite and hornblende crystals displaying intergranular texture with 0.5-1 mm tabular, partially saussuritised andesine crystals and minor metamorphic actinolite and prehnite. A finer grained gabbro dominated by a metamorphic assemblage of hornblende ϩ actinolite ϩ plagioclase ϩ chlorite ϩ epidote also occurs. Relict chromium spinel crystals in the gabbro have Cr# [Cr/(Cr ϩ Al)] ϭ 0.68-0.80, typical of spinels in volcanic-arc rocks (i.e. Cr# > 0.60; Dick & Bullen 1984).
V3 intrusive rocks
Metamorphosed alkaline and tholeiitic dolerite dykes also intrude the ophiolite sequence (V1). In hand specimen, the alkaline dykes are relatively fine grained and equigranular in texture. They consist of black elongated to tabular amphibole crystals in a matrix of anhedral chlorite/hornblende and plagioclase. V3 dykes are commonly cross-cut by carbonate veins. In thin-section, the dykes display relict igneous clinopyroxene and magnetite overprinted by secondary prismatic, equant and lath-like hornblende crystals, fibrous actinolite, tremolite and albite in a feldspar-quartz mesostasis groundmass. Magnetite is ubiquitous but commonly rimmed by ilmenite. The tholeiitic dykes have a similar mineralogy to the alkaline dykes with the major difference being the presence of relict olivine crystals in the former.
V4 intrusive rocks
Basaltic andesite dykes intrude the serpentinite of the V1 event. These dykes are metamorphosed and their igneous has been replaced by lath-like fibrous actinolite crystals embedded in a matrix of albite and chlorite with minor tremolite and secondary quartz. Diorite intrusions are in fault contact with the V1 serpentinite. The diorite displays intergranular textures, comprising primary hornblende and clinopyroxene crystals partially overprinted by an actinolite/hornblende ϩ albite metamorphic assemblage. Locally plagioclase crystals are completely altered to chlorite. Relict chromium spinel is also present with Cr/Cr ϩ Al ϭ 0.56-0.60, but has been largely altered to 'ferro' chrome compositions.
Trondhjemite and tonalite dykes locally intrude the magmatic products of the V1 and V3 rocks. The trondhjemite is a medium-grained rock with a primary mineralogy of quartz and plagioclase, overprinted by a predominantly chlorite and sericite metamorphic assemblage. The tonalite has a similar mineralogy with less quartz and more plagioclase plus overprinting fibrous Mg-rich actino- lite and tremolite. These lithologies are variably affected by sodium metasomatism culminating in the occurrence of dykes that are largely composed of albite and quartz.
GEOCHEMISTRY Analytical techniques
Analyses of representative samples are presented in Table 1 (the locations of all samples mentioned in the tables are given in Appendix 1). Samples for major element analyses were crushed in a TEMA tungsten-carbide mill. Major elements were determined using a Varian Liberty 200 Inductively Coupled Plasma-Atomic Emission Spectrometer (ICP-AES) at Queensland University of Technology, following the procedure of Kwiecien (1990) . Precision (1) for most elements based on USGS standards (BCR-1, BIR-1, AGV-1 and G-2) is < 1.0%, and is < 2.0% for TiO2 and P2O5. For trace-element analyses, fine-grained samples were crushed in a soft-steel percussion mill and sieved down to a size of 500 m. Grains were preferred to powders in order to minimise contamination from the TEMA mill and subsequent handling associated with the latter. The coarser plutonic samples were powdered in a TEMA chromiumsteel mill to enable a representative portion of the bulk rock to be analysed. Trace elements were analysed on a Fisons VG Plasma Quad 2 Inductively-coupled Mass Spectrometer (ICP-MS) at the University of Queensland. Sample preparation follows the procedure described by .
Alteration
Many elements are susceptible to alteration during lowgrade metamorphism (Cann 1969; Pearce 1976 ). This is particularly true for the alkali elements (e.g. Li, Na, K, Rb and Cs) and other large ion lithophile elements (LILE: Sr, Ba, Pb, U: Jochum & Verma 1996). In contrast, the high field strength elements (HFSE: such as Ti, Nb, Ta, Zr, Hf) and the rare-earth elements (REE: La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu plus Y) are generally considered immobile (Campbell et al. 1984) , except for a few light REEs (LREE) which may be mobile under conditions of high water/rock ratios and during carbonate alteration (Humphris 1984) . As the mafic and intermediate rocks of the V2, V3 and V4 events of the Marlborough terrane have been metamorphosed to greenschist facies assemblages, our interpretation is thus focused primarily on the immobile HFSEs and REEs.
RESULTS
V2 INTRUSIVE ROCKS
The significant linear correlations between SiO2 and FeO*/MgO defined by V2 rocks (Figure 2 ) can be readily this event with the average island-arc basalts from the northern Tongan Islands (Ewart et al. 1977) . The V2 tholeiitic basalts are very similar in composition to the highTi and low-Al island arc tholeiitic basalts of Niua Fo'ou, northern Tonga. The only appreciable difference is a higher Na2O and K2O concentration in the V2 tholeiitic basalts, which probably resulted from alteration/metamorphism. Plots of trace elements normalised to the average N-MORB (Sun & McDonough 1989) are shown in Figure 3 . The tholeiitic suites have high Th and low HFSE (Nb, Ta, Zr and Hf) contents relative to MORB, a feature characteristic of island-arc basalts (Pearce 1982) . Enriched LILEs [Ba, Sr, Pb (not shown)] relative to MORB are also present as expected for arc rocks, but this could partly be due to metamorphism. However, slight enrichment in the LREE 
V3 INTRUSIVE ROCKS
CIPW norms suggest both alkali (nepheline-olivine normative) and olivine tholeiitic (hypersthene-olivine normative) basaltic dykes are present in this sequence. As many of the major and minor elements have been apparently mobilised, the CIPW results could be suspect. However, immobile trace-element distributions support the interpretations of normative reconstructions (see below). The low SiO2 (< 45%) and high TiO2 (4%) and Fe2O3* (16.2%) content of the olivine tholeiite is consistent with the petrographic observation of Fe-Ti oxide accumulation. Primitive-mantle normalised incompatible-element abundances display enriched signatures relative to the average N-MORB of Sun and McDonough (1989) (Figure 5 ). The alkali basalts have characteristically low Zr/Nb ratios (< 10) similar to oceanic-island basalts and E-type MORB (Sun & McDonough 1989) . Negative Zr and Hf anomalies occur in the alkali basalts whereas a positive Zr and Hf anomaly is observed in the tholeiite. The Zr-Hf negative anomalies correspond with positive Eu anomalies whereas the negative Zr-Hf anomaly coincides with a positive Eu spike ( Figure 5 ). This relationship could be interpreted as resulting from modal plagioclase variation, but this is not obvious petrographically. An alternative explanation for the Zr-Hf negative anomalies may be incomplete digestion of zircon crystals during sample preparation or zircon or Wood (1980) . A, N-MORB; B, E-MORB and within-plate tholeiites and differentiates; C, within-plate basalts and differentiates; D, destructive plate basalts and differentiates. Samples from the V2 event plot in the volcanic-arc field with the tholeiites having Hf/Th ratios > 3 and the calc-alkaline basalts Hf/Th ratios < 3. ᭹, tholeiite suite 1; ᭺, tholeiite suite 2; ϫ, calc-alkaline suite 1. baddeleyite fractionation (Niu & Hékinian 1997) . The tholeiite displays a slight Nb-Ta trough (Figure 5 ), which together with enrichment in Ba, Th, U, Sr, Zr and Hf may suggest contamination by continental crust (Cox & Hawkesworth 1985) , although general enrichment in all incompatible elements may simply reflect the heterogeneity of the enriched mantle source. The basalts plot in the within-plate basalt field on the Zr-Y-Ti diagram of Pearce and Cann (1973) (Figure 6a ) and in the continental flood-basalt field on the Ti-V diagram of Shervais (1982) (Figure 6b ) with the exception of the Ti-rich tholeiite. Similarly, on the La-Y-Nb discrimination diagram of Cabanis and Lecolle (1989) (Figure 6c ), the basalts overlap the field of continental basalts. However, on the Th-Hf-Ta diagram of Wood (1980) (Figure 6d ), the alkali basalts plot in the field of E-MORB and withinplate tholeiites, while the tholeiite lies in the volcanic-arc field. 
V4 INTRUSIVE ROCKS
The intermediate lithologies from the V4 magmatic event of the Marlborough terrane are correlated with similar rocks from South Island in the Percy Isles based on lithology, geochemical trends, and the unusual occurrence of adakites common to both regions. Below we provide geochemical data for rocks of the V4 event represented in the Marlborough terrane. However, their age and geochemical significance are discussed separately .
Major elements for basaltic andesites from the Marlborough terrane are similar to the average basaltic andesites of the southwest Pacific (Ewart 1982) in Table 2 . The V4 series rocks are somewhat higher in MgO and Na2O and lower in Al2O3, FeO* and K2O than the average southwest Pacific arc basaltic andesite. These differences could reflect a higher degree of partial melting (low Al2O3) in the V4 basaltic andesites as well as subsequent alteration (high Na2O and low K2O). On N-MORB normalised multielement diagrams (Figure 7 ) the basaltic andesites display characteristic arc signatures with enrichment in Ba, Th, Sr and the LREE [(Sm/Nd)N-MORB ϭ 0.76-0.82] and depletion in Nb, Ta and Ti. These trace-element characteristics may reflect either addition of LILE and LREE to the mantle wedge from the subducted slab (Pearce 1983; McCulloch & Gamble 1991) or from the melting of slightly enriched sources of the mantle wedge in the presence of an HFSEbearing residual phase (Morris & Hart 1983; Sun & McDonough 1989) .
A further magmatic suite is defined by a trondhjemitetonalite association from the V4 event. A linear correlation defined by SiO2 and FeO*/MgO ratios (Figure 8) can be explained by fractionation processes. This trend also suggests that these elements have been largely unaffected by metamorphism and that they retain their original calc-alkaline signature. The trondhjemite association displays similarities with ophiolitic plagiogranite (e.g. quartz-and albite-rich), but are unusual in that they have high Al2O3 (≥ 15%) and extremely low heavy-REE (HREE) abundances. They are also characterised by depletions of the HFSE (Nb, Ta and Ti) and enrichments of the LILE (Ba and Sr), Th and LREE. The high Al2O3 (≥ 15%) and Sr (> 300 ppm), low Rb/Sr ratios (≤ 0.01) as well as low Y (< 3 ppm), Nb (< 3 ppm) and Yb (< 0.3 ppm) suggest that these rocks resemble the high-Al trondhjemitetonalite-dacite suites of the Archaean. These suites also occur in some modern island-arc environments (adakites) probably produced by the melting of crustal lithologies of young (< 25 million years), hot subducting oceanic lithosphere (Drummond & Defant 1990; Drummond et al. 1996) .
Both the basaltic andesite and trondhjemite suites plot in the volcanic-arc field on the Th-Hf-Nb diagram of Wood (1980) (Figure 9 ) and have low Hf/Th ratios (< 3), typical of calc-alkaline volcanics. The granitoids plot in the volcanic-arc granitoid field on the Nb-Y and Rb versus Nb ϩ Y diagrams of Pearce et al. (1984) (Figure 10 ).
ISOTOPE DATING
Nd and Sm were separated from whole-rock and mineral fractions using standard column chemistry techniques and Nd isotopic ratios were measured on a Fisons VG 54-30 Sector multicollector mass spectrometer at the University of Queensland. Sample preparation and analytical details are provided in . Sm-Nd isotopic results are given in Table 3 . Nd ratios (MSWD ϭ 0.04). Regression of the data points (Figure 11 ) results in a well-defined isochron with a slope equivalent to an age of 380 Ϯ 19 Ma and an initial 143 Nd/ 144 Nd ϭ 0.512562 Ϯ 5 or ⑀Nd(t) ϭ ϩ 8.1. This ⑀Nd(t) value is very similar to those obtained from modern island arc or backarc basin rocks (DePaolo 1988) and reinforces (1980) for V4 magmatism. Same fields as in Figure 4 . Samples plot in the volcanic-arc field with both suites having Hf/Th ratios < 3, typical of calc-alkaline magmas. , basaltic andesite-diorite; ᭺, trondhjerite-tonalite.
V2 intrusive rocks
our interpretation of an oceanic-arc setting based on trace-element data.
V3 intrusive rocks
Sm-Nd isotopic data of whole-rock samples and one plagioclase separate for the intraplate (V3) magmatic event are shown in Figure 12 . Mineral data were required because of the insufficient spread in 147 Sm/ 144 Nd ratios in whole rocks alone. Regression of the data produces a four-point isochron (MSWD ϭ 0.67) with a slope equivalent to an age of 293 Ϯ 35 Ma and an initial 143 Nd/ 144 Ndi ϭ 0.512611 Ϯ 10 or ⑀Nd(t) ϭ ϩ 6.8. This initial ⑀Nd(t) value is typical of values recorded in some modern oceanic-island basalts (Zindler & Hart 1986) , but is also characteristic of modern uncontaminated lavas from continental intraplate settings (ϩ 6 to ϩ 8: DePaolo 1988), suggesting their derivation from a similar, slightly enriched, mantle source (Thompson et al. 1983 (Thompson et al. , 1984 Cox & Hawkesworth 1985; DePaolo 1988) .
DISCUSSION
Revealing the tectonic environments (i.e. island arc or Andean margin for the arc assemblages or oceanic or continental for the intraplate sequence) of the V2, V3 and V4 magmatic overprints is important in reconstructing the palaeotectonics of the northern New England Fold Belt.
Late Neoproterozoic Marlborough ophiolite 1073 Figure 10 Nb vs Y and Rb vs Y ϩ Nb diagrams of Pearce et al. (1984) . Note that the V4 trondhjemitetonalites fall in the volcanic-arc granitoid field. Figure 11 Sm-Nd isochron diagram constructed for rocks of V2 magmatism. T, age of isochron; I, initial 143 Nd/ 144 Nd; ⑀Nd, initial epsilon Nd value. All reported errors are at 2. Note that the symbol size used is larger than the error bars for each sample. MSWD ϭ 0.04. Errors used in isochron calculation are true analytical errors, including sources of such errors as instrumental reproducibility. These are 0.0016% on This is particularly true for the V2 event, which has a midDevonian age. This age corresponds to volcanism in the Mt Morgan Assemblage of the former Calliope terrane, a unit which unconformably underlies the Yarrol terrane (Figure 1 ), whose origin in an island-arc or continentalmargin setting is debatable (Day et al. 1978; Morand 1993a, b) . Given the age similarity, the nature of magmatism from the V2 event may have important implications for the tectonic environment of the Mt Morgan Assemblage, which was assigned to an extensional-arc setting by Messenger (1996) . The absence of intermediate or felsic lithologies in the V2 event suggests absence of continental crustal material in the source. V2 magmatism may, therefore, have taken place in an oceanic-arc setting. The dominance of basaltic tholeiite favours such an interpretation. The occurrence of calc-alkaline basalt may reflect crustal thickening (maturing) of the arc (Miyashiro 1974) . The overall incompatibleelement characteristics of the V2 basaltic rocks are also consistent with an island-arc origin (Figure 3) . Lithologies of V2 magmatism plot within the oceanic-arc field on the Th/Yb versus Ta/Yb diagram of Pearce (1983) (Figure 13 ).
Radiogenic isotopes support a depleted mantle source and lack evidence for any crustal component. Depleted Nd isotopes record values similar to those obtained from modern oceanic arcs. These data suggest that an arc developed on juvenile oceanic crust in which the Mt Morgan Assemblage may have evolved behind in a backarc basin (Messenger 1996) .
Tectonic discrimination diagrams (such as those used in this study) quite often result in equivocal allocations (Rollinson 1993) or the 'pigeonhole effect'. This is the case with the intraplate V3 basalts, which plot as continental basalts on some discrimination diagrams and as E-MORB and volcanic-arc basalts on others ( Figure 6 ). This is also demonstrated in the Th/Yb versus Ta/Yb diagram where the data overlap the field of within-plate basalts and continental-arc basalts (Figure 13 ). However, the reason for this may be purely geological as seen, for example, in continental flood basalts, which may erupt in a variety of withinplate tectonic settings. In this case, radiogenic isotopes are also equivocal as they record 143 Nd/ 144 Nd ratios similar to both ocean-island basalt and uncontaminated lavas from some modern continental intraplate environments. Thus, Figure 12 Sm-Nd isochron diagram constructed for rocks of V3 magmatism. T, I and ⑀Nd as in Figure 11 . All reported errors are at 2. Note that samples include vertical error bars. Horizontal error bars are smaller than the symbol size. MSWD ϭ 0.67. Figure 13 Th/Yb vs Ta/Yb after Pearce (1983) . Note that rocks from the V2 event plot in the oceanic-arc field whereas there is overlap between within-plate basalts and continental-arc fields for V3 magmatism. V1 lavas from the Marlborough ophiolite , this issue) plot in the field of N-type MORB. SHO, Shoshinite; CA, Calc alkaline; TH, tholeiite.
geochemistry alone cannot resolve the tectonic setting of these rocks. It is therefore useful and necessary to consider the tectonic history of the New England Fold Belt during the Late Carboniferous to Early Permian, which was a period of major extension throughout eastern Australia (Holcombe et al. 1997; Allen et al. 1998) . Therefore, a continental intraplate origin for the basalts is preferred.
As we envisage that V2 magmatism took place in an oceanic island arc, the ophiolitic substrate (V1 event) could not have accreted to the Australian margin by this time. However, the nature of the V3 magmatic event suggests that the complex was part of the Australian continent by 295 Ma. Thus cratonisation must have occurred between ca 380 and ca 295 Ma.
